Abstract
Introduction
During the last decade ZnO has become interesting as a semiconductor material for device fabrication. Due to its properties such as wide band gap (3.37 eV at RT), high exciton binding energy (60 meV at RT), and optical transparency for visible light, ZnO is a prospective material for micro-, opto-and transparent electronics [1] . Implementations in room temperature spintronics are also foreseen [1] . Recently promising application of ZnO as UV nanolasers [2] , field effect transistors [3] , solar cell electrodes [4] and nanogenerators [5] have been reported.
ZnO exhibits aptitude for nanotechnology, due to its viability to be grown as low-dimensional nanoscaled structures of various shapes and morphologies. Indeed, ZnO possesses the richest family of nanostructures being obtained [6] . Additional advantages are the convenience and simplicity of the growth techniques, in comparison to other wide band gap semiconductors, e.g.
GaN and SiC.
However, it remains a central issue to obtain spectrally monochromatic ZnO material.
Having a band gap of 3.37 eV, ZnO should emit in the range of 366 nm to 380 nm (A-UV radiation), but commonly the emission spectra of ZnO consist of two luminescence bands. The narrow peak of the near band edge excitonic emission is typically accompanied by a broad visible emission, so called "greenorigin of the visible luminescence is still under debate, but it is most probably related to Zn atoms as interstitials (Zn i ) and/or oxygen vacancies (V o ) [9] . Recently, we demonstrated that hydrogen incorporation into ZnO nanostructured films results in a "purification" of the ZnO emission spectra and an increase of the near band edge (NBE) excitonic emission intensity [10] .
Another persistent problem is to obtain p-type material: usually the intrinsic (as-grown) ZnO is of n-type conductivity, which is difficult to overcome due to a self-compensation effect.
interface quality, capable of monochromatic intense light emission remains a significant nanotechnological challenge.
In this paper we report epitaxial growth of self-aligned n-type ZnO hexagonal nanorods (nanohexagons) on p-type 4H-SiC substrates. We demonstrate enhanced UV emission in this asprepared ZnO material, consistent with the accomplished improvements in structure and interface quality.
Experimental details

Sample growth
The ZnO nanostructures were grown by atmospheric pressure metalorganic chemical vapor deposition (APMOCVD) using Zn acetylacetonate and oxygen as zinc and oxygen precursors, respectively. The substrate temperature was kept at 500 °C, the flow rates of Ar, as a buffer gas, and oxygen were 50 and 25 sccm, respectively [26] . The commercial 4H-SiC [0001] substrates were miscut by 8° off the c-axis to [11 2 0] and then a p-SiC layer was grown by sublimation epitaxy [27] . The layer thickness and the net acceptor concentrations were and ~ 5 10 16 cm -3 , respectively. The off-axis substrate provides conditions for step flow growth mode of SiC, which typically results in step bunching yielding terraces with different width [28] .
We supposed that the steps on such surfaces would favor the nucleation process.
Characterization
Structural properties of the ZnO samples were investigated by x-ray diffraction (XRD) -figures using a Siemens D5000 difractometer, utilizing Cu-K radiation ( = 0.1542 nm). Scanning electron microscopy (SEM) was used to characterize microstructure and elemental mapping was made by Energy Disperse X-ray (EDX) analysis in a Leo 1550
Gemini SEM (at operating voltage ranging from 10 kV to 20 kV and standard aperture value 30 m). The microstructure study of the ZnO nanorods was carried out using conventional and high-resolution TEM (HRTEM). For the cross-section TEM (XTEM) specimen preparation, two strips of the specimen were cut and glued face to face, then were mechanically thinned down to 25 µm. Subsequently the specimens were thinned to electron transparency by Ar ion milling with energy of 4 kV, at a low incident angle of 4 o in order to avoid amorphisation artefacts from the argon ions. For the conventional characterization a TEM JEM 120 CX was used, while for the HRTEM investigation a JEM 2011 having 0.194 nm point to point resolution was utilized.
Cathodoluminescence (CL) spectra were taken in the Leo 1550 Gemini SEM equipped with a
MonoCL system (Oxford Instruments) using a 10 keV electron beam and 30 m of aperture with 1800 lines mm grating. Panchromatic images of ZnO/SiC samples were taken to trace the difference in emission intensity. samples also reveal ~20 nm wide longitudinal stripes along the direction expected for the terraces of the miscut SiC substrate, however, with a stronger contrast (bright in Figures 1(a, b) than for the virgin substrate. A schematic representation is depicted in Figure 1c . The EDX and CL analyses presented below imply that there is a Stranski-Krastanov (3D-island on 2D-layer) growth mode for the ZnO on SiC. Thus, the origin of the stripes is a decoration of SiC terraces by ZnO. Indeed, a thin layer was observed by XTEM (Figure 2b ). Table 1 presents data on interplanar space, lattice constant, strain and stress along c-axis obtained by Bragg's equation [33, 34] and biaxial strain model [35] . Using the interplanar spacing the stress along the c-axis of the ZnO film can be expressed as [36] : as obtained from the ASTM card for bulk ZnO [33] [34] [35] [36] . From Table 1 Ref. [38] . However, the emission spectra of the prepared material possess strong luminescence in the visible range, typically assigned to defects. We investigated the luminescence properties of the fabricated ZnO nanohexagons containing samples by cathodoluminescence measurements at room temperature in terms of possible optoelectronic applications. The CL spectra of the sample demonstrated intense peak of ultraviolet emission a was negligible (Figure 7a ). The spectral line of the UV emission is very narrow -the full width at half maximum is as low as 12 nm. We assign the luminescence observed to the near band edge (NBE) excitonic emission [10] . Moreover, probing over the sample surface with different concentration of ZnO nanohexagons displayed different signal intensity, but the characteristic features of the spectra did not change. In order to differentiate the contribution of the emission from nanohexagons and the ZnO stripes, we recorded their emission spectra separately. In Figure   7 CL spectra along with the probed regions are shown. Figure 7 (b) represents the panchromatic image of the sample. Light is emitted by the whole area covered by ZnO, i.e. CL signal is also observed from the stripes around hexagons, proving their emitting ability and ZnO nature.
Results and discussion
However, it is evident that the emission intensity from ZnO stripes on top of the SiC terraces is significantly lower than that from ZnO hexagons.
The spectra from both areas display the only peak of NBE emission. The absence of visible emission which is related to point defects in the material suggests a good stoichiometry of both types of ZnO. At the same time, the difference in the emission intensities may be explained by a difference in the concentrations of extended structural defects. It has been reported that structural defects as dislocations are mainly responsible for quenching of the luminescence intensity [23] . The epitaxial interface followed by high structural quality, is a prerequisite of obtaining the high light emission efficiency. Since the ZnO nanorods are relaxed heteroepitaxial structures, misfit dislocations are expected, although they are invisible in the TEM images. We assume that they do not affect the CL properties since they are confined at the interface.
Conclusions
The fabrication feasibility of high-quality ZnO nano-crystal material by heteroepitaxial 
